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ABSTRACT
Magnetic fields in the intracluster medium (ICM) affect the structure and the evolution of galaxy clusters.
However, their properties are largely unknown, and measuring magnetic fields in galaxy clusters is challenging,
especially on large-scales outside of individual radio sources. In this work, we probe the plane-of-the-sky
orientation of magnetic fields in clusters using the intensity gradients. The technique is a branch of the Gradient
Technique (GT) that employs emission intensity maps from turbulent gas. We utilize the Chandra X-ray images
of the Perseus, M 87, Coma, and A2597 galaxy clusters, and the VLA radio observations of the synchrotron
emission from Perseus. We find that the fields predominantly follow the spiral arms in Perseus, which is in
agreement with numerical simulations. The GT-predicted magnetic field shows signatures of magnetic draping
around rising bubbles driven by supermassive black hole (SMBH) feedback in the centers of cool-core clusters,
as well as draping around substructures merging with the Coma cluster. We calculate the mean-field orientation
with respect to the radial direction in these clusters. The orientation is consistent with the prediction of heat-
flux-driven buoyancy instability (HBI) in cluster cool cores, and possibly the magnetothermal instability (MTI)
in cluster outskirts. There is a broad agreement between the magnetic field of Perseus predicted using the X-ray
and radio data. Further numerical studies and better future observations with higher resolution and the larger
effective area will help reduce the uncertainties of this method.
Keywords: ICM:general—ICM:structure—ICM:magnetohydrodynamics—turbulence—magnetic fields
1. INTRODUCTION
Magnetic fields are pervading in multi-scale astrophysical
environments, including protostars, molecular clouds, galax-
ies and galaxy clusters (Armstrong et al. 1995; Widrow 2002;
Chepurnov & Lazarian 2010; Crutcher 2012; Galli et al.
2006; Kronberg 1994). They play a crucial role in regulating
accretion flows, transport processes (e.g., transport of heat),
and cosmic rays propagation. The primary ways of observ-
ing cosmic magnetic fields include the measurement of syn-
chrotron emission, Faraday rotation, and Zeeman splitting.
Synchrotron radiation arises from relativistic electrons spiral-
ing along magnetic field lines (Haverkorn et al. 2006; Clarke
& Ensslin 2006; Dickey et al. 2019), and can be used to es-
timate the strength and the orientation of the magnetic fields
in the plane-of-the-sky (POS) (Fletcher et al. 2011; Feretti et
al. 2012). Faraday rotation and Zeeman measurements are
used to measure the magnetic fields along the line-of-sight
yue.hu@wisc.edu, alazarian@facstaff.wisc.edu
(LOS, Bonafede et al. 2010; Oppermann et al. 2015; Lenc et
al. 2016; Crutcher 2012; Crutcher & Kemball 2019).
Galaxy clusters are the largest non-linear systems in the
universe, filled with weakly-magnetized intracluster medium
(e.g., Ferrari et al. 2008; Carilli & Taylor 2002; Feretti et al.
2012). The weak magnetic fields in clusters are likely unim-
portant dynamically on large scales but can change the mi-
croscopic properties of the plasma (e.g., Schekochihin et al.
2005; Kunz et al. 2014). For instance, numerical simulations
and observations of gas sloshing in galaxy clusters show that
magnetic fields can suppress the development of the Kelvin-
Helmholtz instabilities, mixing of two gas phases, and trans-
port processes (see Markevitch & Vikhlinin 2007; Zuhone
& Roediger 2016, for reviews). Observational evidence of
magnetic fields modifying bulk plasma properties on micro-
physical scales has recently been found in the Coma cluster
(Zhuravleva et al. 2019). Observed structure functions of
turbulence in the cold filaments in the innermost regions of
galaxy clusters are consistent with this conclusion Li et al.
(2020).
Despite the importance of magnetic fields in galaxy clus-
ters, probing their properties with observations remains chal-
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lenging. Faraday rotation measures the magnetic fields along
the LOS, and has shown that the fields in clusters are weak
with strength in the order of a few µG (e.g., Vogt & Enßlin
2003; Bonafede et al. 2010). The low magnetic field strength
limits the applicability of Zeeman measurements in clusters.
Also, there is a lack of observational constraints on the POS
magnetic field component (Beck et al. 1996; Pakmor et al.
2019; Eatough et al. 2013).
Clusters are dynamical objects that accrete matter along
the cosmic-web filaments, undergo many minor and major
mergers, and host feedback processes from central active
galactic nuclei (AGN). Therefore, one expects that the ICM is
in a turbulent state. Indeed, the Hitomi X-ray satellite mea-
sured velocities ' 100 − 200 km/s in the central region of
the Perseus cluster (Hitomi Collaboration et al. 2018); res-
onant scattering and Doppler broadening measurements re-
vealed velocities ∼ 100 km/s in the central region of groups
and massive galaxies (e.g., Werner et al. 2009; Ogorzalek
et al. 2017; Hitomi Collaboration et al. 2018; Sanders et al.
2010); similar level of turbulence has been measured indi-
rectly through the analysis of X-ray surface brightness fluc-
tuations (e.g., Schuecker et al. 2004; Churazov et al. 2012;
Zhuravleva et al. 2014; Walker et al. 2015).
Rotation Measures suggest that the magnetic fields in the
ICM are also turbulent (Stasyszyn & de los Rios 2019; Enßlin
& Vogt 2006; Goldshmidt & Rephaeli 1993). The turbulent
fluctuations in both synchrotron radiation and X-ray emis-
sion can also provide information about the magnetic fields
morphology, which is the scope of this work.
We have developed an innovative Gradients Technique
(GT) to study magnetic fields across multiple scales based
on the anisotropic properties of MHD turbulence, i.e., tur-
bulent eddies are elongated along the local magnetic fields
(Goldreich & Sridhar 1995; Lazarian & Vishniac 1999). As
a result, the density gradient and velocity gradient of the tur-
bulent eddies are perpendicular to the magnetic fields (Cho
& Lazarian 2002, 2003; Cho et al. 2002). This anisotropic
behavior is also expected in the ICM (see § 3 for a detailed
discussion). Therefore, the magnetic field in clusters can be
inferred from the density gradient of either synchrotron or X-
ray radiation. Lazarian et al. (2018) shows the Synchrotron
Intensity Gradients (SIGs) can be used to trace the magnetic
field component lying on the POS, while the Synchrotron
Polarization Gradients can measure the LOS magnetic field
component (SPGs, see Lazarian & Yuen 2018b). The density
gradient calculated from spectroscopic data is denoted as the
Intensity Gradients (IGs, see Hu et al. (2019c)). When the
velocity information is available, the Velocity Centroid Gra-
dients (VCGs, see Gonza´lez-Casanova & Lazarian 2017) and
the Velocity Channel Gradients (VChGs, see Lazarian et al.
2018a) can also be used to study magnetic field.
The applicability of GT in tracing the magnetic field mor-
phology has been numerically and observationally tested
in many astrophysical environments, including protostars
(Gonza´lez-Casanova & Lazarian 2019), molecular clouds
(Hu et al. 2019b,a; Hsieh et al. 2019), galactic diffuse trans-
parent gas (Hu et al. 2018; Gonza´lez-Casanova & Lazar-
ian 2019; Hu et al. 2020a,c; Yuen & Lazarian 2017a), and
synchrotron emissions from the ISM (Lazarian et al. 2018;
Lazarian & Yuen 2018b; Ho et al. 2019; Zhang et al. 2019).
Several studies also extend the GT to estimate the magnetiza-
tion level (Lazarian et al. 2018a; Yuen & Lazarian 2020), the
magnetic field strength (Lazarian et al. 2020a) and the sonic
Mach number (Yuen & Lazarian 2018), as well as identify-
ing shocks (Hu et al. 2019c) and self-gravitating regions in
molecular clouds (Hu et al. 2020b). In this work, we ap-
ply GT to the hot gas in galaxy clusters. For predictions of
the POS magnetic field morphology, we focus on the bright-
est galaxy clusters that have been deeply observed with the
Chandra observatory, namely the Perseus, Virgo/M87, and
Coma clusters. We also include the analysis of the syn-
chrotron emission of Perseus. We predict the spatial distribu-
tion of the magnetic fields in the clusters, showing that they
predominately follow the large structures in the ICM. In par-
ticular, the magnetic field follows Perseus’ spiral arms, which
agrees with predictions the numerical simulations (ZuHone
et al. 2011). Although the application of the GT technique
on clusters provides promising results, future direct measure-
ments are indispensable for robust conclusions.
In what follows, we describe the observational data used
in this work in detail in § 2. In § 3, we illustrate the theo-
retical foundation of the GT in MHD turbulence. In § 4, we
describe the algorithm in calculating the magnetic fields us-
ing GT. In § 5, we show our predictions of the magnetic field
morphology in Coma, Perseus, and M87. In § 6, we discuss
the uncertainties and prospect of GT. We conclude this work
in § 7.
2. OBSERVATIONAL DATA
2.1. X-ray Observation
For all clusters in our analysis, we use deep Chandra ob-
servations that are available in the archive. We process the
data following standard algorithms (Vikhlinin et al. 2005)
and produce a mosaic image of each cluster, corrected for
exposure and vignetting effects, and subtracting the back-
ground. After removing the point sources, we find the best-
fitting spherically-symmetric β−model that describes the X-
ray surface brightness distribution. Dividing the initial im-
ages by this model, we obtain residual images of gas pertur-
bations in each cluster. The images are produced in the soft
X-ray band, i.e., we remove photons with the energies above
3−4 keV. The center of all cool-core clusters (Perseus, M 87,
A2397) coincides with the central AGN. For the only non-
cool-core cluster in our sample, the Coma cluster, we choose
(R.A., Dec.) = (12h59m42.67, +27◦5640.9) (J2000) as the
center. For the Coma offset region, we shift the center by
∼ 120 kpc to account for the large-scale asymmetry at large
distances from the center. The details of data preparation are
discussed in Zhuravleva et al. (2014) and Zhuravleva et al.
(2019).
2.2. Radio Observation
Galaxy clusters also harbour large diffuse synchrotron
emission sources that are not directly associated with clus-
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Figure 1. For trans-Alfve´nic turbulence, large eddy 1 is almost isotropic since they have similar semi-major axes (l‖) and semi-minor axes
(l⊥). Smaller eddy 2 has a relatively larger semi-major axis to semi-minor axis ratio. Therefore, they are relatively more elongated. The solid
curve defines the directions of the local mean magnetic field line B for eddy 1, while the dashed curves define the directions of the local mean
magnetic field line for eddy 2 and other small scale eddies. While large eddies induce the global change of the magnetic field, the small eddies
still follow local magnetic field.
.
ter radio galaxies (van Weeren et al. 2019). In this work,
we use the Perseus cluster radio data observed by the Karl
G. Jansky Very Large Array (JVLA) in the P-band (230470
MHz). The observations used were performed for five hours
in the B configuration (see Gendron-Marsolais et al. 2017 for
details). The resulting image has a synthesized beamwidth of
22.1′′ × 11.3′′ with a grid resolution 3′′ × 3′′ per pixel and
a RMS noise of 0.35 mJy beam−1. In addition to the noise
level, there is a systematic error due to possible flux scale er-
rors of∼ 10%. These observations have revealed a wealth of
inner structures in the mini-halo, a type of faint and diffuse
radio structure with steep spectra, filling the cooling core of
some relaxed clusters (e.g. Giacintucci et al. 2019). In our
analysis, we mask low-intensity pixels below the 5σ = 1.75
mJy/beam level.
3. THEORETICAL CONSIDERATION
3.1. MHD turbulence theory
The GT is developed from the modern MHD theories (Gol-
dreich & Sridhar 1995, henceforth GS95) and (Lazarian &
Vishniac 1999, henceforth LV99). The theory of MHD turbu-
lence has been developing for decades with the understand-
ing of it being anisotropic achieved through theoretical and
numerical work (Montgomery & Turner 1981; Matthaeus
et al. 1983; Shebalin et al. 1983; Higdon 1984). Introduc-
ing the critical balance1 between parallel and perpendicular
Alfve´nic motions, GS95 brought the theory of MHD theory
to a new stage, in particular obtained the relation between
the parallel and perpendicular scales. However, the GS95
anisotropy scaling is derived in the global magnetic field ref-
erence frame, in which the predicted scaling is not observ-
able. Later, the study of turbulent reconnection in LV99
demonstrated that the turbulent motions are not constrained
by fluid motion perpendicular to the local magnetic field. In-
deed, LV99 showed that the time scale for the reconnection
for the corresponding eddies equal to the eddy turnover time.
As a result, eddies can freely mix magnetic field parallel to
their rotation axes and most of the turbulent energy of the
turbulent cascade get cascaded along this path of minimal re-
sistance (see more discussion in Lazarian et al. 2020b).
In terms of the eddy representation of turbulence that we
discussed above, the critical balance is a natural consequence
of the freely rotating magnetic eddies inducing Alfve´n waves
parallel to magnetic field, i.e. the eddy period l⊥/vl being
equal to the period of the generated Alfve´n wave l‖/VA.
1 The GS95 study acknowledges that the critical balance between parallel
and perpendicular timescales is the key assumption in the derivation of the
Strauss (1976) equations that was claimed in Montgomery (1982) to de-
scribe the anisotropic state of incompressible MHD turbulence. Neverthe-
less, unlike GS95, the aforementioned papers did not did not provide of the
spectra and the scale-dependent ratio between the parallel and perpendicu-
lar scales.
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Note that l⊥ and l‖ denote scales of the eddies perpendic-
ular and parallel to the magnetic field, respectively, while
vl is the turbulent velocity of the eddy at the scale l⊥ and
VA is the Alfve´n velocity. Combining the critical balance
condition with the constant energy flux condition for the
incompressible motions v2l /tcas (where the cascading time
tcas ∼ l⊥/vl), one can get the change of the anisotropy of
the eddies with the scale:
l‖ ∝ (l⊥) 23 . (1)
The pictorial illustration is given in Fig. 1. The difference
of these scalings from those initially presented in GS95 is
that the scales are measured in the system of reference of the
eddies rather than with respect to the mean magnetic field.
This difference is essential for the Gradient Technique (GT)
that we discuss in this paper. The vital importance of using
the local magnetic field reference frame in order to observe
the universal scale-dependent anisotropy of Alfve´nic turbu-
lence was demonstrated in Cho & Vishniac (2000); Cho et
al. (2002); Maron & Goldreich (2001).
The turbulence is more complicated in terms of the
stochastic density field. For super-sonic turbulence, i.e. for
turbulence with VL > cs, where cs is the sound velocity,
shocks create clumps that make the spectrum of density shal-
low (Beresnyak et al. 2005; Kowal et al. 2007). However, as
it was first noticed in Beresnyak et al. (2005) the low ampli-
tude density fluctuations are elongated and follow the critical
balance given by Eq. (1). For galaxy clusters turbulence is
sub-sonic, i.e. Ms < 1 and therefore one expects the density
to follow the velocity scaling.
3.2. Transitional scale of turbulence cascade
The discussion of MHD turbulence above deals with trans-
Alve´nic turbulence, i.e. with the turbulence that is injected at
the injection scaleLwith the Alfve´n velocity VA. The case of
sub-Alfve´nic turbulence, i.e. when the Alfve´n Mach number
MA = VL/MA < 1, where the injection velocity VL is less
than VA, is more complicated, as initially eddy motions are
not possible, and the turbulence gets into the critical balance
only starting from a smaller scale ltrans ≈ LinjM2A, while
at the scales [ltrans, Linj ] the turbulence is weak (Lazarian
& Vishniac 1999; Galtier et al. 2000). Nevertheless, the sub-
Alfve´nic turbulence is always anisotropic.
For galaxy clusters we deal with super-Alfve´nic turbu-
lence, i.e. with MA > 1 turbulence. For such turbulence the
motions at the injection scale are hydrodynamic due to the
relatively weak back-reaction of the magnetic field. How-
ever, as the kinetic energy of turbulent motions follows the
nearly isotropic Kolmogorov cascade, i.e. v2l ∼ l2/3, the
importance of magnetic back reaction gets more and more
stronger. Eventually, at the scale lA ≈ LinjM−3A , the tur-
bulent velocity gets equal to the Alfve´n velocity (Lazarian
2006). For scales less than lA the turbulence has the MHD
nature showing the GS95 anisotropic scaling relation and the
corresponding scaling of velocity peturbation:
l‖ ' lA( l⊥
lA
)
2
3 (2)
vl ' VL( l⊥
Linj
)
1
3M
1
3
A . (3)
Once the telescope resolves the cluster scale smaller than lA,
we can expect the density gradients are perpendicular to their
local magnetic fields. To get rid of the contribution from
large scale eddies, one possible solution is the k-space filter.
After the transformation of spatial intensity map to k-space,
large scale components, i.e., l > lA, correspond to small k
number. Yuen & Lazarian (2017b) numerical showed that by
filtering out the components with small k value, there is only
contribution from small scale structures left.
In reality, instead of being isotropic, turbulence on large
scales2 can be anisotropic in galaxy clusters due to the pres-
ence of stratification in cluster atmospheres (Zhuravleva et
al. 2014; Mohapatra et al. 2020). Considering the flux freez-
ing condition, the weak magnetic field, is expected to follow
the radial direction of gravity simultaneously. Coinciden-
tally, the density gradient in this case is still perpendicular to
the magnetic field showing a different scaling relation from
Eq. 5. Equivalently, this anisotropy due to gravity on large
scale can be considered as an amplification of lA.
The resolution of X-ray and synchrotron data shall re-
solve the scales smaller than lA to implement GT. To fig-
ure out the transitional scale lA for galaxy clusters, we use
subsonic turbulence with Ms ' 0.2 and velocities of the
order of v ' 100 − 200 km/s within the cool cores (e.g.,
Brunetti & Lazarian 2007; Hitomi Collaboration et al. 2018;
Zhuravleva et al. 2018). Using the reference parameters
(cs/vA)
2 ' 100, the topical Alfve´n Mach number of a cool-
cluster is then MA ' 10 · Ms ' 2 (Brunetti & Lazarian
2007). As for the global systems, the injection scales with
sloshing Linj varies from 20kpc to 200kpc, depending on
whether the injection of energy by galaxy merge or galaxy
wakes is considered (Vikhrenko 2011). The typical scale lA
for galaxy cluster is therefore in the range of 2.5 kpc ∼ 25
kpc. This value varies for different objects, for instance, in
the Coma central region, the injection scale is in the range of
300 - 400 kpc (Churazov et al. 2012). Also, the typical value
of lA should be larger when taking gravity into account. For
our observational data, the smallest scale that can be resolved
in Perseus cluster is ≈ 6 - 10 kpc, while ≈ 4 - 8 kpc for
the synchrotron emission (Zhuravleva et al. 2014; Gendron-
Marsolais et al. 2017). As for the Coma and M 87 cluster,
we have minimum resolved scale of ≈ 10 - 15 kpc and ≈ 1
kpc, respectively. Note, the estimates of the minimal scales
from the X-ray images account for the combined point spread
function at different line of sights within the regions of our
interest. The X-ray and synchrotron data, therefore, is meet-
ing the requirement for using GT.
3.3. Scaling of velocity and density gradient
The anisotropies of turbulence that we discussed above
provide a way to find the direction of magnetic field with
2 On scales larger than the Ozmidov scale (Ozmidov 1992).
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observations. The first demonstration of using the MHD tur-
bulence anisotropy to trace magnetic field with spectroscopic
data performed in Lazarian et al. (2002)) and it was elab-
orated further in (Esquivel & Lazarian 2005; Esquivel et al.
2015). In this paper we use gradients that have several practi-
cal advantages tracing magnetic fields compared to structure
functions employed in the aforementioned studies (Yuen et
al. 2018). The theoretical relation between the underlying
anisotropic turbulence and the observable parameters is pre-
sented in (Lazarian & Pogosyan 2012; Kandel et al. 2017b).
The GT is based on the properties of MHD turbulence that
we discussed above. In particular, gradients induced by both
velocity and magnetic fluctuations increase respectively as
vl/l⊥ ∼ l−2/3⊥ and Bl/l⊥ ∼ l−2/3⊥ . The velocity vl and
magnetic field Bl are defined in respect to the local mag-
netic field. As a result, the gradients, similar to dust polar-
ization, represent the magnetic field direction averaged along
the line of sight. This considerations are at the basis of the
GT (Gonza´lez-Casanova & Lazarian 2017; Yuen & Lazar-
ian 2017a; Lazarian & Yuen 2018a; Hu et al. 2018), SIGs
(Lazarian et al. 2018), and SPGs (Lazarian & Yuen 2018b).
As we discussed in §3.1 for subsonic turbulence in clusters
of galaxies the scaling of density are similar to that of veloc-
ity and therefore ρl/l⊥ ∼ l−2/3⊥ . This means that the small-
est eddies resolved in observations provide the most impor-
tant contribution for the intensity gradient signal. Explicitly,
since the anisotropic relation indicates l⊥  l‖, the velocity
gradient scales as (Yuen & Lazarian 2018):
∇vl ∝ vl
l⊥
' VL
Linj
(
l⊥
Linj
)−
2
3M
1
3
A (4)
here MA is the Alfve´n mach number. The direction of veloc-
ity gradient is perpendicular to the local directions of mag-
netic field. Similarly the density gradient can be expressed
as:
∇ρl ∝ ∇[ρ0vl
cs
F−1(|kˆ · ζˆ|)] = ρ0
cs
F−1(|kˆ · ζˆ|)∇vl (5)
where ρ0 is the mean density, ζˆ is the unit vector for the
Alfve´nic mode, fast mode, or slow mode, and F−1 denotes
the inverse Fourier transformation. The density ρl of the eddy
at scale k is expressed as the inverse Fourier transformation
of ρk (Cho & Lazarian 2003):
ρl = F
−1(|ρk|) = F−1(ρ0vk
cs
|kˆ · ζˆ|) (6)
The scale of density gradient is therefore proportional to ve-
locity gradient with an extra constant term. Eq. 5 can be
further reformed as (Yuen & Lazarian 2018):
∇( ρl
ρ0
) ∝ F
−1(|kˆ · ζˆ|)
cs
∇vl (7)
By assuming the three MHD modes have equivalent velocity,
Cho & Lazarian (2003) deduced the term F
−1(|kˆ·ζˆ|)
cs
can be
expressed as:
∇( ρl
ρ0
) ∝

Ms∇vl (β  1, slow modes)
MA∇vl (β  1, fast modes)
M2s /MA∇vl (β  1, slow modes)
M2s∇vl (β  1, fast modes)
(8)
where Ms is the sonic Mach number and β is the compress-
ibility. Similarly, the gradient of ρ2l and v
2
l can be expressed
as
∇v2l ∝
v2l
l⊥
' V
2
L
Linj
(
l⊥
Linj
)−
1
3M
2
3
A
∇ρ2l ∝
ρl
l⊥
' [ρ0
c
F−1(|kˆ · ζˆ|)]2∇v2l
(9)
The direction of the gradient is also perpendicular to the local
magnetic field.
3.4. Tracing the projected magnetic fields with the gradients
The mathematical foundations of exploring MHD turbu-
lence and determining the direction of the magnetic field us-
ing observations are laid in Lazarian & Pogosyan (2012).
The implementation of this approach for the velocity struc-
ture functions is presented in Lu et al. (2020). In Appendix
A we summarize the basics of this approach.
The difference between the intensities that we velocity and
magnetic field statistics on one hand and the intensity statis-
tics on the other hand, is that the velocities and magnetic field
provide the direct dynamical representation of the physics
of turbulence. The properties of densities trace turbulence
indirectly and therefore the decomposition into basic MHD
modes that is feasible with the spectral lines as well as syn-
chrotron intensities/polarization is not directly applicable for
X-ray intensities, that we mostly use in the paper. Never-
theless, for the subsonic turbulence it is possible to treat the
density as a passive scalar that reflects basic properties of the
velocity field. This justifies our appealing in this paper to the
statistical description of gradients presented in Appendix A.
For an X-ray image of a galaxy cluster in the soft band,we
have I(x, y) ∝ ∫ ρ2(~r)dz with ~r = (x, y, z). Applying the
gradient operator∇ = ( ∂∂x , ∂∂y , 0)T to I(x, y), the gradient’s
direction and amplitude can be expressed as:
∇I(x, y) ∝
∫
∇ρ2(~r)dz ∝ U ·
N∑
i=1
∇3Dρ2i (~r)
|∇I(x, y)| ∝ |
∫
∇ρ2(~r)dz| ∝ 〈|∇3Dρ2(~r)| cos γ〉
√
NL2inj
(10)
in which we assume there are N = L/Linj eddies along
LOS with distance L. The 3D gradient operator is ∇3D =
( ∂∂x ,
∂
∂y ,
∂
∂z )
T and γ is the relative angle between the gra-
dient and the POS with cos γ = |∇ρ2(~r)|/|∇3Dρ(~r)|. Note
this summation of gradient amplitude as random walk is only
valid when tan(γ/4) > MA/
√
3 (Lazarian et al. 2020a). U
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Figure 2. Diagram of the GT procedure to predict the magnetic field morphology (see § 4). Step 1 is constructing the pixelized 2D gradients
map through the convolution of the intensity map (dimension is x × y) with Sobel kernels Gx and Gy (see Eq. 12). In step 2 and step 3, we
take a n × n sub-block from the raw gradient map and plot the histogram of gradient’s orientation for the sub-block. A fitting of Gaussian
distribution is then applied to the histogram. In step 4, one takes the angle ψ which corresponds to the peak value of the Gaussian to statistically
define the mean magnetic field orientation in the corresponding sub-block. Step 2, 3 and 4 are repeated for each pixel in the raw gradient map.
As for step 5, we rotate the processed gradient map by 90◦ getting the projected magnetic field morphology.
is the projection operator:
U =
+1 0 00 +1 0
0 0 0

The direction of∇I(x, y) is therefore the vector summary of
the density gradient along LOS, which is perpendicular to the
projected magnetic field. In this work, we rotate the intensity
gradient by 90◦ to predict the magnetic filed orientation un-
less specified.
4. METHOD
4.1. Implimentation of Gradients Technique
4.1.1. Calculation of intensity gradient
In terms of the X-ray and synchrotron observations, the in-
tensity information is obtained from the X-ray surface bright-
ness Ix (Cooray 1999) and synchrotron emission intensity Iν
(Ginzburg & Syrovatskii 1965):
Ix ∝
∫
n2eΛedz
Iν ∝
∫
B1−γ⊥ ν
γdz
(11)
where ne is the electron number density, Λe is the X-
ray spectral emissivity of the cluster gas due to thermal
Bremsstrahlung emission within a certain energy band ∆E.
Λe is negligible here since it is almost independent of temper-
ature in the soft X-ray images (0.5-3.5 keV).B⊥ corresponds
to the magnetic field component perpendicular to LOS, the
latter given by the z-axis, γ is a spectral index of the elec-
tron distribution N(E) ∝ E2γ−1, and ν is the radiative fre-
quency. The X-ray map is further processed to a residual
map, i.e., the initial image divided by the best-fitting spheri-
cally symmetric β-model of the surface brightness then mi-
nus one.
As discussed in Appendix A the gradients of synchrotron
and X-ray fluctuations are related to the structure functions
of the corresponding intensities. The complication that one
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faces with Eq. (11) is that the the X-ray intensity is propor-
tional to squared density, and a fractional power of B en-
ters the expression enters the synchrotron intensity. The lat-
ter problem was addressed in Lazarian & Pogosyan (2012)
where it was shown that the structure functions of the syn-
chrotron intensities with B1−γ can be successfully repre-
sented as a product of the known function of γ and the struc-
ture function of integrals havingB2 dependence. The scaling
properties of the latter as a function of the point separation
were defined in Lazarian & Pogosyan (2012) and related to
the properties of magnetic field. The effects of the struc-
ture functions depending on the squared intensities is a sim-
pler problem and it was discussed in Kandel et al. (2017b).
These studies provide the theoretical foundations of our fur-
ther analysis.
The residual map emphasizes the surface brightness fluc-
tuations present in the cluster and the corresponding gradient
scales as Eq. (7). We denote both X-ray residual map and
synchrotron emission map as I(x,y) in calculating the inten-
sity gradients (IGs). As illustrated in Fig. 2(1), the pixelized
gradient map ψg are calculated from:
5xI(x, y) = Gx ∗ I(x, y)
5yI(x, y) = Gy ∗ I(x, y)
ψg(x, y) = tan
−1[
5yI(x, y)
5xI(x, y) ]
(12)
where5xI(x, y) and5yI(x, y) are the x and y components
of gradients respectively. ∗ denotes the convolution with 3 ×
3 Sobel kernels Gx and Gy:
Gx =
−1 0 +1−2 0 +2
−1 0 +1
 , Gy =
−1 −2 −10 0 0
+1 +2 +1

Owing to the fact that the orientation of turbulent eddies
with respect to the local magnetic field is a statistical con-
cept, the resulting raw gradient map ψg(x, y) is not necessar-
ily required to have any relation to the local magnetic field
direction (Yuen & Lazarian 2017a). The perpendicular rela-
tive orientation only appears when the gradient sampling is
enough. Ideally, the distribution of intensity gradient’s orien-
tation within a sampled sub-region is Gaussian. The peak of
the Gaussian distribution reflects the statistically most prob-
able gradient orientation in the sub-region. By rotating the
most probable gradient orientation with 90◦, one can have
the local mean magnetic field direction, see Fig. 2(2-4). This
procedure proposed in Yuen & Lazarian (2017a) is called the
sub-block averaging method.
4.1.2. Adaptive sub-block averaging method
The critical steps of the sub-block averaging method are:
(i) selecting a sub-region with an appropriate size; (ii) plot-
ting the histogram of gradients’ orientation within this sub-
region; (iii) taking the angle of orientation corresponding to
the Gaussian fitting peak value of the histogram. The re-
sultant angle statistically defines the mean gradient’s orien-
tation in the corresponding sub-region. The original recipe
used in Yuen & Lazarian (2017a) divides the entire gradi-
ent map φg(x, y) into a few amounts of pieces with identical
size. For instance, a regular grid 512×512 map can be divide
into 16 pieces having 32×32 pixels for each. Different from
Yuen & Lazarian (2017a), Hu et al. (2020b) take each pixel
of ψg(x, y) as the center of a rectangular sub-block and ap-
plying the recipe of sub-block averaging. The size of each
sub-block is not identical but determined by the Gaussian
fitting error. When the sampling is insufficient, the fitting
algorithm outputs a significant fitting error. We vary the sub-
block size from large to small for each pixel and check the
corresponding fitting errors. The optimal sub-block size is
selected when the error gets its minimum value. Since the
new sub-block averaging method automatically determines
the sub-block size for each pixel, we denote it as an adaptive
sub-block averaging (ASB) method. In this work, we follow
the ASB method.
Note although the adaptive sub-block averaging outputs
the per-pixel magnetic field map, the effective resolution is
determined by the sub-block size in the corresponding posi-
tion. The minimum sub-block size is empirically setting as
20×20 (Yuen & Lazarian 2017a; Lazarian & Yuen 2018a) so
that the maximum effective resolution of GT is ≈ 20′′ for all
X-ray data and≈ 1′ for synchrotron data. We denote the gra-
dient’s orientation processed by the adaptive sub-block aver-
aging as ψA(x, y). By rotating the prepared gradient map by
90◦, we obtain the predicted magnetic field morphology, see
Fig. 2(5).
4.1.3. Abnormal gradients correction
The accuracy of GT in terms of magnetic field tracing is
correlated to the Signal-to-Noise Ratio (SNR) in the obser-
vational data (Lazarian & Yuen 2018a). The ASB usually
is sufficient to highlight statistically crucial components and
suppress parts of noise. However, when the Signal-to-Noise
Ratio (SNR) is less than 1, the ASB does not precisely re-
veal the gradient since the histogram of gradient’s orienta-
tion tends to be a uniform distribution rather than Gaussian.
To eliminate the contribution from noise, we then introduce
the Rotational Image Test. After the first implementation of
ASB using raw X-ray map, we rotate the map I(x,y) by 90◦
getting IR(x, y). The recipe of gradient’s calculation is re-
peated for IR(x, y) and results in the gradient map ψR(x, y).
In the case that the noise is insignificant, the Gaussian his-
togram shall switch 90◦ and difference betweenψA(x, y) and
ψR(x, y) is also 90◦. However, when SNR is very small,
the histogram is still a uniform distribution, which produces
a similar fitting angle as ψA(x, y). Therefore, we firstly
mask the pixel in which the difference between ψA(x, y) and
ψR(x, y) are less than pi/2. The masked pixel is then inter-
polated based on the neighboring vectors.
In addition to the rotational histogram test, we employ the
construction of pseudo-Stokes parameters to reduce the con-
tribution from noise. In view of that magnetic field lines
are continuous, a noise-induced abnormal gradient vector
can discontinues the streamline. Hu et al. (2020b) proposed
to smooth the outlying abnormal gradients by constructing
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Figure 3. Left top: the predicted magnetic field morphology of the Perseus cluster from GT. The magnetic field is superimposed in the residual
map (i.e., the initial image divided by the best-fitting spherically symmetric β-model of the surface brightness then minus one) using LIC. Left
bottom: the residual image of the Perseus cluster. The cluster is divided into three sub-regions, i.e., P-A, P-B, and P-C. Right: the histogram of
global magnetic field orientation ψ for the Perseus cluster (top 1st, red) and the histograms of magnetic field orientation ψ for the sub-regions
P-A (top 2nd, purple), P-B (top 3rd, blue), and P-C (bottom, green) respectively. The dashed circles corresponds to 4′ ≈ 80 kpc.
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pseudo-Stokes parameters Q and U :
Q(x, y) = I(x, y) cos(2ψA(x, y))
U(x, y) = I(x, y) sin(2ψA(x, y))
(13)
The weighting term I(x, y) helps recover the Gaussian prop-
erties of the cosine and sine angular components (Hu et al.
2019c). Therefore, instead of smoothing directly the cosine
and sine components, the Gaussian convolution is applied to
both Q and U . The resulting gradient vector is calculated
from ψ(x, y) = 12 tan
−1(U/Q).
5. RESULTS
In this section, we present the predicted magnetic field
maps for the Perseus (the brightest in X-rays), M87/Virgo
(the closest) and Coma (the brightest non-cool-core) clus-
ters. We refer the reader to Fabian et al. (2011); Forman
et al. (2007); Sanders et al. (2013) for deep X-ray observa-
tions of these clusters, their interpretation and discussion on
prominent structures. The magnetic fields are visualized by
the Line Integral Convolution (Cabral & Leedom 1993) and
the convention of ψ is defined in Cartesian coordinates, i.e.,
west-to-north, with the center being the center of the cluster.
Before applying GT, we first smooth the X-ray residual maps
I(x,y) with a 3 arcsec Gaussian filter, and excise significant
point sources in the calculation.
5.1. Predicted magnetic field morphology in the Perseus
cluster
5.1.1. X-ray observation
The predicted POS magnetic field morphology of the
Perseus cluster is shown in Fig. 3. We test four Gaussian
kernels used in the smoothing of Pseudo-stokes parameters.
We select four Gaussian kernel widths 0, 3′′, 5′′, and 10′′,
and then calculate the corresponding angular dispersion of
the gradient. We get the angular dispersion ≈ 0.991, 0.974,
0.948, and 0.945 in radian unit respectively. In view that the
difference between Gaussian kernel widths 5′′ and 10′′ is in-
significant and a large kernel may oversmooth the vectors, we
choose the width 5′′ as the standard value in the calculation.
One can see in Fig. 3 that the magnetic fields are predomi-
nantly following the spiral arm of the cluster. The histogram
of global magnetic field orientation shows a significant peak
at angle ≈ 0.25 in radian unit, which is also the orientation
of the inner spiral arm. The histogram is drawn in the range
of [0, pi) with the bin size 50. Note we do not distinguish
between the angle 0 and pi. We outline three sub-regions in
the residual map: P-A, P-B, and P-C. P-A contains the inner
spiral arm and the inner bubble structures, while P-B has the
outer spiral ram, and P-C includes an outer bubble. In the
histogram of P-A, we find a similar peak at angle ≈ 0.25 as
the one in the global histogram, corresponding to the orien-
tation of the inner spiral arm. This comes from the tangential
motion of the plasma (sloshing) that stretched the magnetic
field lines (e.g., ZuHone et al. 2011). Note that perturba-
tions in the innermost ∼ 30 kpc region (within the P-A re-
gion), are dominated by the central bubbles and shock-heated
gas around them. Therefore, the anisotropy scaling relation
could be different from ∇ρl ∝ ρ0csF−1(|kˆ · ζˆ|)∇vl in this
region. Nevertheless, in clusters, we expect the weak mag-
netic fields to follow the anisotropic direction still. In this
case, the resulting direction of the intensity gradient is per-
pendicular to the magnetic fields, and GT also gives a correct
prediction. Additionally, for the brightest part of the inner
spiral (rightmost part of the P-A region) and the outer spiral
(P-B region), we can see similar azimuthal magnetic fields
following the sloshing spiral arms. For P-C, the predicted
magnetic fields rapidly change directions by 90◦ at the bub-
ble edge (see the first panel of Fig. 3). As a result, there is
a deficit at angle ≈ 2.50 between the two peaks in the his-
togram, and a small peak at angle ≈ 1.00. The difference
between the angle ≈ 1.00 = 57.32◦ and ≈ 2.50 = 143.31◦
is almost 90◦. This change is consistent with our theoretical
expectation of shocks (see § 6) or magnetic draping caused
by the rising bubble (Dursi & Pfrommer 2008).
5.1.2. Radio observations
The synchrotron emission from the Perseus cluster is ob-
served by the Karl G. Jansky Very Large Array (JVLA) B-
configuration at 230-470 MHz. The data show several struc-
tures associated with the mini-halo, which is expected to be
influenced both by the AGN activity and the sloshing mo-
tion of the hot gas (Gendron-Marsolais et al. 2017). Fluc-
tuations of synchrotron emission can be used to study prop-
erties of the magnetic field, including tracing the magnetic
field directions (Lazarian & Pogosyan 2012)3. This study
presents the foundations for the SIGs introduced in Lazar-
ian et al. (2018). Therefore we can use synchrotron emission
here to find magnetic field directions. Nevertheless, differ-
ent from the X-rays emitted by extremely hot gas through
the thermal bremsstrahlung emission (Sarazin 1988), syn-
chrotron emission arises from relativistic electrons spiraling
along the magnetic fields lines (Pacholczyk 1970). Due to
the different emission sources and mechanisms, the X-ray
and synchrotron emissions likely reveal different structures
in the ICM. A detailed comparison of the X-ray and syn-
chrotron observations can be found in Gendron-Marsolais et
al. (2017). In this work, we compare the magnetic fields cal-
culated using these two data sets.
The predicted magnetic field from GT using synchrotron
emission is presented in Fig. 4. Low-intensity pixels below
the 5σ = 1.75 mJy/beam level are masked in the analy-
sis. The output magnetic field map covers the majority of
the X-ray sub-regions P-A, P-B, and P-C (see Fig. 3). Vi-
sually, we can see the magnetic field is significantly bent in
the high-intensity center and follows the spiral arm, which is
3 Apart from magnetic field tracing, the mathematical framework in Lazar-
ian & Pogosyan (2012) demonstrates how to separate contributions from
fundamental MHD modes (see Chepurnov et al. (2020)) and together with
Lazarian & Pogosyan (2000) was the basis for the further development in
the field of observational studies of anisotropic MHD turbulence from ob-
servations (see Esquivel et al. (2015); Kandel et al. (2017b).)
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Figure 4. Panel a: the predicted magnetic field morphology of the Perseus cluster from GT (left) using synchrotron emission data (right). The
magnetic field is superimposed on the intensity map with X-ray contours overlaid. Three sub-regions P-A, P-B, and P-C corresponds to the
ones highlighted in Fig. 3. Panel b: the histogram of global magnetic field orientation ψ for the global Perseus cluster (top left), sub region
P-A (top right), P-B (bottom left), and P-C (bottom right). The dashed circle corresponds to 4′ ≈ 80 kpc.
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Figure 5. Right: the distribution of the relative angle between
the magnetic field inferred from X-ray data and synchrotron emis-
sion with synchrotron contours (at 1.75×10−3, 5×10−3, 1×10−2,
3×10−2, 5×10−2, 7×10−2, 0.1, 0.5, 1, 2 mJy/beam levels) over-
laid. Bottom: the histogram of the global relative angle between the
magnetic fields inferred from X-ray data and synchrotron emission
by GT.
also seen in Fig. 3 of X-ray data. We plot the histogram
of magnetic field orientation in Fig. 4. For the global mag-
netic field, the histogram exhibits several peaks at ψ ≈ 0, 0.6
(≈ 34.37◦), and 1.8 (≈ 103.13◦), which are very close to the
peaks seen in the X-ray data. As for the sub-region P-A, its
histogram exhibits two distinct peaks at ψ ≈ 0.6 (≈ 34.37◦)
and 1.8 (≈ 103.13◦). The former corresponds to the spiral
arm, which we have seen in Fig. 3. The latter corresponds to
the central region. In terms of the histograms of sub-regions
P-B and P-C, we find several similar features that are also
seen in Fig. 3, e.g., the two peaks at ψ ≈ 0.5 - 1.0 for P-B
and ψ ≈ 2.9. Although the synchrotron data does not show
the peaks at ψ ≈ 2.0 in P-B and ψ ≈ 1.0 in Fig. 4. Three fac-
tors may contribute to the discrepancies between magnetic
fields derived from the X-ray and synchroton data: (i) the X-
ray and synchrotron emissions are tracing different parts of
the ICM; (ii) some structures are not well-resolved due to the
Figure 6. The histogram of the relative angle between the mag-
netic field calculated from X-ray data and synchrotron data. The
histogram is drawn for each sub-region P-A, P-B, and P-C respec-
tively, see Fig. 3 and Fig. 4 for details of each sub-region.
relatively lower resolution of the synchrotron data; (iii) the
two maps do not fully overlap. For example, the synchrotron
data does not cover the upper part of P-B.
We quantitatively compare the magnetic fields derived
from the X-ray and the synchronton data first by comput-
ing the mean field directions. The details of the calculations
can be found in the Appendix C. We denote the mean mag-
netic field calculated from the synchrotron data as µ¯s, while
µ¯x is for the X-ray data. We find for sub-regions P-A, P-B,
P-C, the value of µ¯s is 1.443, 1.260, and 2.065. respectively.
The corresponding values of µ¯x are 1.434, 1.451, and 2.107.
Therefore, in terms of the mean magnetic fields, the X-ray
and synchrotron data sets give similar results.
In addition, we calculate the relative angle between the
magnetic fields obtained from the X-ray data and the syn-
chrotron data. The resolution of the synchrotron data is≈ 3′′
per pixel, while it is ≈ 1′′ per pixel for the x-ray. There-
fore, the X-ray data resolves more magnetic field vectors.
We first match the two maps in coordinates and take the an-
gular average for every 3×3 magnetic field vectors obtained
from the X-ray. The resolution of the magnetic field in the
X-ray map is, therefore, reduced to the same as the one in
synchrotron data. The resulting relative angle distribution is
presented in Fig. 5. We find in the corresponding spiral arm
part and its surroundings, the magnetic field shows general
agreement. Since the X-ray and the synchrotron emissions
are probably tracing different parts of the ICM, we also see
some disagreement. We plot the histogram of the relative ori-
entation in Fig. 5. The histogram is close to a single Gaussian
distribution with a peak value at 0 and a standard deviation
of ≈ 26.93◦. The histograms of the relative angle for P-A,
P-B, P-C are plotted in Fig. 6. P-A’s histogram shows that the
majority of the relative angle is less than 0.5, which indicates
a good alignment. P-B gives the relative angle either parallel
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Figure 7. Left top: the predicted magnetic field morphology of the Virgo/M87 cluster from GT. The magnetic field is superimposed in the
residual map (i.e., the initial image divided by the best-fitting spherically symmetric β-model of the surface brightness then minus one) using
LIC. Left bottom: the residual image of the cluster. The cluster is divided into three sub-regions, i.e., M-A, M-B, and M-C. Right: the
histogram of global magnetic field orientation ψ for the M 87 cluster (top 1st, red) and the histograms of magnetic field orientation ψ for the
sub-regions M-A (top 2nd, purple), M-B (top 3rd, blue), and M-C (bottom, green) respectively. The dashed circles corresponds to 4′ ≈ 20 kpc.
MODELING OF GALACTIC FOREGROUND POLARIZATION WITH VELOCITY GRADIENTS 13
(relative angle ≈ 0) or perpendicular (relative angle ≈ pi/2).
While for P-C, the alignment is more close to random.
To further quantify the agreement between the two mag-
netic field maps, we introduce the Alignment Measure
(AM)4:
AM = 2(〈cos2θr〉 − 1
2
) (14)
where θr is the relative angle of individual pixels, while 〈...〉
denotes the average within a region of interest. In the case
of a perfect global agreement between the two vector maps,
we have AM = 1, while AM=-1 indicates that the global rel-
ative angle is 90◦. The standard error of the mean gives the
uncertainty σAM , which is negligible with sufficiently large
samples.
For the global magnetic field, we get AM ≈ 0.29, while
the AM ≈ 0.53, 0.10, 0.02 for P-A, P-B, and P-C respec-
tively. As a check of chance alignment between predicted
magnetic field maps, we perform three Monte Carlo analy-
ses by randomly selecting 10000, 20000, and 30000 vectors
from each map (note the magnetic field map from X-ray is re-
duced to the same resolution as synchrotron). The resulting
histograms of relative angle appear as uniform distribution
with AM≈ 0.032, 0.028, 0.022, which rejects the hypothesis
of chance alignment.
5.2. Predicted magnetic field morphology in M 87
We also apply the GT analysis to the X-ray residual maps
of M 87, the central galaxy of the M 87 cluster. Similarly
to our analysis of Perseus, we outline three sub-regions, i.e.,
M-A, M-B, and M-C. M-A and M-C both contain eastern
and southwestern arms, while M-B includes the inner bub-
ble and jet. Fig. 7 shows the predicted magnetic field mor-
phology, X-ray residual map, and the histograms of magnetic
field orientation. The global histogram exhibits rather com-
plex features, owing to the complicated structures in M 87.
The histogram of M-A shows three distinct peaks at angle
≈ 0.25, 1.20, and 2.40. These three peaks correspond to the
three features in the eastern arm in M-A. There is only one
significant outflow arm in M-C and hence the corresponding
histogram gives a single peak at angle ≈ 2.00. As for the
M-B, the histogram shows a single peak at ≈ 0.50. Also,
our the results show coherent magnetic field along the shock
(above the M-B and M-C regions). A similar analysis is also
repeated for Abell 2597, see the Appendix B for details and
results.
5.3. Predicted magnetic field morphology in the Coma
cluster
The Coma cluster is a well-studied nearby massive cluster
that has undergone several recent mergers with intermediate-
4 This measure was borrowed from the grain alignment theory (see Lazar-
ian 2007) and introduced to characterize the velocity gradient alignment in
respect to magnetic field in Gonza´lez-Casanova & Lazarian (2017). Later
it was borrowed by other groups (see Soler et al. 2019; Clark & Hensley
2019) to characterize the alignment of the features that they study with the
magnetic field.
mass subgroups (Vikhlinin et al. 1997). Unlike the other
three clusters with cool cores and active central supermas-
sive black holes, Coma is a merging, non-cool-core cluster
without AGN activity in the center. In this work, we use
two sub-regions of the Coma cluster which were observed by
Chandra. Following Zhuravleva et al. (2019), we denote
these two sub-regions as Coma-center and Coma-outer. The
X-ray residual maps are shown in Fig. 8.
The GT-predicted magnetic field of Coma is shown in
Fig. 8. In general, the predicted magnetic field is following
the structures in the ICM as expected, and in high-intensity
regions, the change of the magnetic field orientation is more
rapid. In Fig. 8, we plot the histogram of the magnetic field
orientation ψ. For the Coma-center region, the histogram ap-
pears bimodal, with two peaks at ψ ≈ 1.4 radian = 80◦ and
ψ ≈ 0◦. Since these two regions in Coma do not have strong
shocks which potentially could change the gradient’s direc-
tion (see § 6), the bending of the magnetic fields is likely
caused by subsonic bulk motion. Indeed, Coma-center has
two structures associated with the gas stripped from merg-
ing subclusters (seen as orange enhancements in Fig. 8, the
largest enhancement is associated with two massive galax-
ies) (Sanders et al. 2013). The magnetic fields appear to be
oriented around one of them, likely as a result of magnetic
draping.
Unlike Coma-center, the histogram of Coma-outer is ap-
proximately a single Gaussian distribution with a peak value
ψ ≈ 2.0 radian = 114.5◦. This suggests a lack of strong
perturbations in the magnetic fields in Coma-outer on probed
scales.
6. DISCUSSION
6.1. Radial and tangential magnetic fields
In this section, we study the orientation of the magnetic
fields with respect to the radial direction in all the clusters
discussed previously. We employ the AM (see Eq. 14 ) to
quantify the relative orientation between the magnetic field
and the radial direction towards the central black hole. The
value of AM is in the range of [-1, 1]. Negative AM implies
the magnetic field tends to be tangential, while positive AM
means the magnetic field follows the radial direction. The
selected regions for the calculation are outlined by dashed
circles in Figs. 3,4,7,10. The coordinates of the central black
hole are (49.95◦, 41.51◦) and (187.70◦, 12.39◦), for Perseus
and M 87 in the equatorial coordinate system, respectively.
Fig. 9 shows the relation of AM and the distance away
from the cluster center. The AM of Perseus (X-ray) rapidly
drops from 0 to ∼ -0.6 at distance r ≈ 10 kpc and gets to
the minimum value ∼ -0.8 at r ≈ 35 kpc. As for the syn-
chrotron measured Perseus, the drop of AM happens at r ≈
30 kpc, and AM stays∼ -0.7 in the range of [30 kpc, 65 kpc].
Both data sets exhibit the minimum AM at r ≈ 35 kpc. In
M 87, the AM drops to the minimum value at r ≈ 2.5 kpc.
The outflow arms contribute to the radial magnetic field at a
larger distance, which increases AM, but AM remains nega-
tive overall. Note that we remove the AM in the distance cor-
responding to the minimum scale (20′′ for Perseus (X-ray),
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Figure 8. Top left: the predicted magnetic field morphology of the Coma cluster center region and outer region from GT. The magnetic field
is superimposed in the residual map (i.e., the initial image divided by the best-fitting spherically symmetric β-model of the surface brightness
then minus one) using the LIC. Bottom: the histograms of global magnetic field orientation ψ for the Coma cluster’s center region (left) and
outer region (right). The red cross denotes the center R.A.=12h59m42.67 (J2000) and Dec.=+27◦56′40.9′′ (J2000) used for the β-model fitting
in Coma-center and green cross denotes the center R.A.=12h59m22.67 (J2000) and Dec=+27◦54′40.9′′ (J2000) used for Coma-outer.
M87, and 1′ for Perseus (synchrotron) and Coma) can be re-
solved by GT. It corresponds to a distance of ≈ 7/25 kpc for
Perseus (X-ray/synchrotron), ≈ 2 kpc for M87 and ≈ 27 kpc
for Coma away from the center. These values are calculated
assuming ideal condition but can be different depending on
the noise. For Perseus (synchrotron) and M87, the AM get
an increase at a distance smaller than 30 kpc. This likely
comes from the artificial effect that GT does not resolve the
magnetic field smaller than this distance.
The negative AM in the cores of Perseus and M87 suggest
that the magnetic fields are preferentially oriented in the tan-
gential direction. This is consistent with the effects of the
heat-flux-driven buoyancy instability (HBI). The HBI is ex-
pected to operate in the inner part of cool-core clusters where
the temperature increases with radius (Quataert 2008). Pre-
vious studies of the HBI shows that the instability acts to
quench vertical heat conduction by wrapping magnetic field
lines (Parrish & Quataert 2008; McCourt et al. 2011). There-
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Figure 9. The relation of AM and the distance away from cluster
center. Negative AM implies the magnetic field tends to be tangen-
tial, while positive AM means the magnetic field follows the radial
direction.
fore, the magnetic field is tangential in the inner region of
cool-core clusters, and the AM is negative. We note that in
all three clusters, magnetic draping by rising bubbles may
contribute to the tangential component of the magnetic fields.
The strongly tangential magnetic fields in Perseus may also
be partly attributed to the sloshing arms. However, M87
and Abell 2597 (Fig. 10) do not have such prominent slosh-
ing arms. Instead, M87 has two outflow arms from AGN
feedback, which can randomize magnetic field lines (Yang &
Reynolds 2016). Yet the mean AM remains negative within
the cool core, supporting the presence of HBI.
For the Coma cluster, we use the centers identified in
Zhuravleva et al. (2019), i.e., R.A.=12h59m42.67 (J2000)
and Dec.=+27◦56′40.9′′ (J2000) for the Coma-center and
R.A.=12h59m22.67 (J2000) and Dec=+27◦54′40.9′′ (J2000)
for the Coma-outer Since Coma is a non-cool-core cluster,
the location of its center has a large uncertainty. We test our
results by switching the different locations as the cluster cen-
ter. The trend of AM is similar, but the scale showing mini-
mum AM gets shifted with different centers. In terms of our
study, this does not affect the conclusion. Unlike the three
cool-core clusters we have analyzed, AM is very close to 0
throughout the core of Coma. This is because the tempera-
ture profile is rather flat within Coma’s core, and HBI does
not develop.
The outer regions of galaxy clusters, where virialization
supports a negative temperature gradient, fall subject to the
magnetothermal instability (MTI, Balbus 2000). The MTI
drives magnetic field lines to become preferentially radial.
As a result, the AM becomes positive. In Coma, the tem-
perature gradient is negative between ∼ 100 − 300 kpc (see
Supplementary Figure 1 in Zhuravleva et al. 2019), and our
measured AM is positive, consistent with the prediction of
MTI. Although it is also possible that these radially oriented
magnetic fields are associated with the infalling structures
discussed previously. At r > 300 kpc in Coma, AM shows
large fluctuations. Since we have only analyzed a small frac-
tion of the whole annulus, our result is likely biased due
to the sampling limit. Future observations and analysis are
needed to provide reliable measurements of the mean AM in
the outer regions of Coma.
6.2. Tracing the magnetic fields in the ICM with GT
As astrophysical flows usually have large Reynolds num-
bers, the properties of turbulence naturally exhibit every-
where in our universe (Armstrong et al. 1995; Chepurnov
& Lazarian 2010). As turbulent eddy is elongating along
the direction of local magnetic fields, its density and ve-
locity gradients are preferentially perpendicular to the mag-
netic fields (Goldreich & Sridhar 1995; Lazarian & Vishniac
1999). As a result, the gradients rotated by 90◦ are indicat-
ing the direction of the magnetic field. This phenomenon has
been demonstrated in numerical simulations (Cho & Lazar-
ian 2003, 2002). Based on this anisotropic property of MHD
turbulence, GT is proposed as a new technique for the study
of magnetic fields, which has been widely tested for the study
of magnetic fields in ISM and molecular clouds in obser-
vation (Hu et al. 2019a,b; Gonza´lez-Casanova & Lazarian
2019; Hu & Lazarian 2020). As the galaxy cluster also ex-
hibits the properties of MHD turbulence (Li et al. 2020; Hit-
omi Collaboration et al. 2018; Markevitch & Vikhlinin 2007;
Roediger et al. 2015; Wang et al. 2018; Zhuravleva et al.
2019), we expect that GT is also applicable for the magnetic
field studies in ICM. In this work, we present the first pre-
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diction of magnetic field morphology in four galaxy clusters,
i.e., Coma, Perseus, M 87, and Abell 2597 using X-ray and
radio observations.
Our findings are generally consistent with prediction-
shttps://www.overleaf.com/project/5e128b8aaa19b100011366f3
of analytical theories and MHD simulations of clusters. In
particular, the mean orientation of the magnetic fields in
cluster cool cores is preferentially tangential, consistent with
the expectation of HBI. We also find that the magnetic fields
trace the spiral arm features in the presence of sloshing mo-
tion, as predicted by ZuHone et al. (2011). In addition, we
find evidence of magnetic draping caused by rising bubbles
in cool-core clusters, and in-falling substructures in Coma.
Several other methods have been used to study the mag-
netic fields in galaxy clusters. For example, using the Fara-
day rotation measurements (RMs), Algaba et al. (2016) and
Bonafede et al. (2010) inferred the magnetic field for the ra-
dio sources in Coma and M 87. RM is restricted to radio
sources, and cannot be applied to the global magnetic fields
in clusters. The advantage of GT is that it can trace the mag-
netic field on a larger scale. In addition, there is little con-
tribution from foreground in X-ray data or synchrotron emis-
sion. Utilizing these data sets, GT therefore directly probes
the local magnetic field direction requiring no correction of
Faraday rotation. Due to the scale and resolution differences,
we do not provide a direct comparison between our study
and previous studies using RM. However, we note that both
our study and previous RM studies support the existence of
turbulent magnetic fields in the ICM. Pfrommer & Jonathan
Dursi (2010) use polarization measurement to probe mag-
netic fields around individual galaxies within M 87. They
find coherent polarized emission at the leading edges of the
moving galaxies, likely caused by magnetic draping. This
is consistent with our result showing evidence of magnetic
draping around infalling structures in the Coma cluster.
6.3. Biases and uncertainties
In this section, we discuss possible sources of biases and
uncertainties in our analysis. The uncertainties associated
with the GT algorithm is presented in Appendix D.1.
First, the presence of shocks can potentially introduce
problems to the GT. In a strongly magnetized environment,
the rapid jump of density at the shock front creates den-
sity gradient perpendicular to the shock wave. At the same
time, the magnetic field is predominantly perpendicular to
the shock front when the relative upstream plasma velocity
is greater than the upstream fast wave velocity (Fitzpatrick
2014). As a result, the intensity gradient becomes parallel
to the magnetic field rather than perpendicular, i.e., intensity
gradient flips its direction by 90◦ in front of shocks (Yuen &
Lazarian 2017b; Hu et al. 2019c). Note that the implemen-
tation of ASB can partially suppress the effect from shocks
since the shock occupying insufficient pixels will not be re-
solved. To obtain the actual magnetic field, one should re-
rotate the gradient by 90◦ again in large scale shock front.
However, if the magnetic field is very weak, the motion of
the fluid is essentially equivalent to hydrodynamics. Hydro-
dynamic shock front then can be parallel to the magnetic field
(Fitzpatrick 2014). In this case, the intensity gradient in the
shock front is still perpendicular to the magnetic field. This
phenomenon has been observed by van Weeren et al. (2010)
in a radio relic in the outskirts of a galaxy cluster. The ICM
is weakly magnetized, and the shock waves in the central re-
gions of galaxy clusters are weak with Ms ≤ 3 (Ryu et al.
2003). Therefore, we expect the intensity gradient before ro-
tation to be perpendicular to the magnetic field in front of
shocks. Further numerical and observational work will help
to better understand the effects of shocks in GT analysis of
the ICM.
Also, the theoretical foundation of GT is the anisotropic
properties of MHD turbulence, which is a reasonable as-
sumption for small scale structures in clusters. The
anisotropic scaling relation is given in § 3. As for large
scales, we expect the weak magnetic fields are constrained
by the fluid’s motion so that they still follow the anisotropic
direction of plasma flow. In this case, we can also use the gra-
dients to trace the magnetic fields. However, once the mag-
netic field does not follow fluid’s motion, our prediction may
require correction.
7. CONCLUSIONS
In this paper, we apply GT to predict the magnetic field
morphology in galaxy clusters based on emission maps. We
produce the plane-of-the-sky magnetic field maps for four
clusters observed in X-rays with Chandra: Coma, Perseus,
M 87, and Abell 2597. We have also applied GT to the syn-
chrotron map of the Perseus core region. We employ the
Bayesian analysis to estimate the mean magnetic field ori-
entation in each cluster. Our main findings are summarized
as follows:
1. We find that the magnetic fields follow the sloshing
arms in the Perseus cluster, which agrees with the pre-
dictions of numerical simulations. In M 87, the mag-
netic fields follow both arms and shocks. This is not
surprising given that the ICM is a high beta, low Ms
plasma.
2. The GT-predicted magnetic fields show features typi-
cal for magnetic draping. In the central regions of cool-
core clusters, a layer of a tangential magnetic field is
often seen at the edges of rising bubbles inflated by
jets. In Coma, magnetic fields are wrapped around
bright, dense halos around NGC4889 and NGC4874
and one of the filaments that are associated with the
gas stripped from subclusters merging with the cluster.
The latter is consistent with theoretical expectations of
magnetic draping.
3. In all three cool-core clusters we have studied, the
mean magnetic fields are preferentially oriented tan-
gentially within the cores where temperature gradients
are positive. In the isothermal core of Coma, the mean
magnetic fields do not show such a preferred direction.
Our finding supports the existence of HBI in cluster
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cool-cores. Part of the outer region of Coma shows
radially oriented mean magnetic fields, possibly origi-
nating from MTI.
4. There is a broad agreement between the magnetic
fields predicted from the X-ray and radio images of
the Perseus cluster. Some discrepancies are possibly
due to the fact that the X-ray and radio emissions are
associated with different regions within the core.
Our study is the first to make predictions of the magnetic
field orientation on large scales in galaxy clusters. There are
potential biases and uncertainties associated with shocks, in-
direct probes of turbulence, the presence of noise in the data.
Further numerical studies, future velocity measurements of
the gas in the ICM, and imaging observations with arcsecond
resolution and large effective will help us to better understand
these uncertainties. Observations using other techniques will
also help verify our results.
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APPENDIX
A. RELATION OF GRADIENTS AND STRUCTURE FUNCTIONS
The GT is directly related to the statistical measures studied for the spectral lines in Lazarian & Pogosyan (2002, 2004), Kandel
et al. (2016, 2017) and for synchrotron emission and polarization measures studied in Lazarian & Pogosyan (2012, 2016). Here,
following the presentation in Lu et al. (2020) and Lazarian et al. (2020) we briefly provide the relation of the gradients and the
structure functions of the observables.
For a 2D intensity map I(x, y) = I(X), the simplest local statistical measurement of its gradient field is the gradient covariance
tensor:
σ∇i∇j ≡ 〈∇iI(X)∇jI(X)〉 = ∇i∇jD(R)|R→0
D(R) ≡ 〈(I(X + R)− I(X)2)〉 (A1)
which is the zero separation limit of the second derivatives of the field structure function D(R). 〈...〉 denotes the average value.
For a statistically isotropic field, the covariance of the gradients is isotropic, i.e., σ∇i∇j =
1
2δij∆D(R)|R→0. However, in the
presence of the magnetic field, the structure function becomes orientation dependent, depending on the angle between R and the
projected direction of the magnetic field (Lazarian & Pogosyan 2012; Kandel et al. 2017b). This anisotropy is retained in the
limit R→ 0 and results in non-vanishing traceless part of the gradient covariance tensor:
σ∇i∇j −
1
2
∑
i=x,y
σ∇i∇i
=
1
2
(
(∇2x −∇2y)D(R) 2∇x∇yD(R)
2∇x∇yD(R) (∇2y −∇2x)D(R)
)
R→0
6= 0
(A2)
The eigen-direction of the covariance tensor that corresponds to the largest eigenvalue gives the direction of the gradient, which
makes an angle θ with respect to the coordinate x-axis.
tan θ =
2∇x∇yD√
((∇2x −∇2y)D)2 + (2∇x∇yD)2 + (∇2x −∇2y)D
(A3)
The anisotropic structure function can be further decomposed in angular harmonics (Lazarian & Pogosyan 2012; Kandel et al.
2017b). In Fourier space, the decomposition is over the dependence of the power spectrum P (K) on the angle of the 2D wave
vector K:
D(R) = −
∫
dKP (K)eiK·R (A4)
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Figure 10. Left top: the predicted magnetic field morphology of the Abell 2597 cluster from GT. The magnetic field is superimposed in the
residual map (i.e., the initial image divided by the best-fitting spherically symmetric β-model of the surface brightness then minus one) using
LIC. Left bottom: the residual image of the Abell 2597 cluster. The cluster is divided into two sub-regions, i.e., A-A and A-B. Right: the
histogram of global magnetic field orientation ψ for the Abell 2597 cluster (top, red) and the histograms of magnetic field orientation ψ for
the sub-regions A-A (middle, purple) and A-B (middle, blue) respectively. The dashed circles corresponds to 1.35′ ≈ 120 kpc, as well as the
relation of AM and the distance away from cluster center (bottom).
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Denoting the coordinate angle of K as θK and that of the projected magnetic field as θH , the power spectrum P (K) can be
expressed as:
P (K) =
∑
n
Pn(K)e
in(θH−θK) (A5)
we therefore can write derivatives of the structure function as:
∇i∇jD(R) =∑
n
∫
dKK3Pn(K)
∫
dθKe
in(θH−θK)eiKR cos(θH−θK)KˆiKˆj
(A6)
in which Kˆx = cos(θK) and Kˆy = sin(θK). By performing integration over θK , we obtain the traceless anisotropic part:
(∇2x −∇2y)D(R) = 2pi
∑
n
inein(θ−θH)×∫
dKK3Jn(kR)(Pn−2(K)ei2θH + Pn+2(K)e−i2θH )
∇x∇yD(R) = pi
∑
n
in+1ein(θ−θH)×∫
dKK3Jn(kR)(−Pn−2(K)ei2θH + Pn+2(K)e−i2θH )
(A7)
in which Jn(kR) is the Bessel function. In the limit R→ 0, only n = 0 term survives and we have:
(∇2x −∇2y)D(R) = [2pi
∫
dKK3P2(K)] cos 2θH
2∇x∇yD(R) = [2pi
∫
dKK3P2(K)] sin 2θH
(A8)
By substituting this result into Eq. A3, we find that the eigendirection of the gradient variance has the form:
tan θ =
A sin 2θH
|A|+A cos 2θH =
{
tan θH , A > 1
− cot θH , A < 1
(A9)
where A = 2pi
∫
dKK3P2(K). The sign of A depends on the spectral quadrupole P2(K). As it is discussed in Lazarian et
al. (2020) the quadrupole is negative for Alfve´n and slow modes. In contrast, fast modes in low-β plasma produce positive
quadrupole. Therefore, the intensity gradients are perpendicular to the projected magnetic field for Alfve´n and slow modes,
while parallel to the projected magnetic field for low-β fast-modes.
B. PREDICTED MAGNETIC FIELD MORPHOLOGY IN ABELL 2579 CLUSTER
The recipe of GT is also repeated for the cluster Abell 2597 using X-ray residual maps. The corresponding residual map and
predicted magnetic field are shown in Fig. 10. The bubbles exhibit distinct magnetic field morphology. In the histograms, we
see the magnetic field in A-A locates in the angle range ' 2.5 ∼ pi and 0 ∼ 0.2 (note gradient does not distinguish 0 and pi),
as well as the magnetic field in the A-B sub-region. To sum up, in all four clusters, we find the magnetic field predominately
follows the outflow structures. This can be easily interpreted. The clusters are typically in super-Alfve´n environment, which
means the dominance of the magnetic field is relatively weaker than turbulence. In this case, turbulence will alter the magnetic
field geometry so that it tends to align parallel the density structures because of the magnetic flux freezing condition. As for the
calculation of the tangential magnetic field, we use the coordinate of the central black hole (351.333◦, -12.123◦) in the equatorial
coordinate system. The minimum AM of the Abell 2597 cluster appears at r ≈ 40 kpc. We can expect the scale of the most
significantly tangential magnetic field is ≈ 40 kpc for Abell 2597.
C. BAYESIAN ANALYSIS
To estimate the mean magnetic field angle predicted from the synchrotron and X-ray data set, we employ the Bayesian t-test
analysis in this section. The Bayesian analysis is based on Bayes theorem to obtain the conditional distribution for the unobserved
quantities given the data x which is known as the posterior distribution p(µ|x):
p(µ|x) = p(µ)p(x|µ)∫
p(µ)p(x|µ)dµ ∝ p(µ)p(x|µ) (C10)
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Figure 11. Top: the distribution of the mean magnetic field predicted from synchrotron (µ¯s, red) and X-ray data (µ¯x, blue). The dashed lines
are indicating the median value. The distribution is drawn for each sub-region P-A, P-B, and P-C respectively using the Bayesian analysis (see
Fig. 3 and Fig. 4 for details of each sub-region). Bottom: the distribution of the relative mean angle ∆µ = µ¯s − µ¯x of the magnetic field
predicted from synchrotron and X-ray data.
where µ is a the mean magnetic field angle we would like to know, p(x|µ) is the probability of getting x given µ, which is
called the likelihood. p(µ) is the prior probability of µ before considering the data. Eq. C10 can be understood as follow: prior
to observing data, one assigns a prior belief p(µ) to µ. Once the data x have been observed, one updates this prior belief to a
posterior belief p(µ|x) by multiplying the prior p(µ) by the likelihood p(x|µ) (Faulkenberry 2018).
The first step in a Bayesian analysis is to specify the probability model of the likelihood and the prior distribution. The T
distribution is usually considered as a robust choice to the analysis, as it is less sensitive to outlier observations and requires no
information on the quantity’s standard deviation (Kruschke 2013). p(x|µ) then can be expressed as:
p(x|µ) = Γ(
ν+1
2 )
Γ(ν2 )
[1 +
(x− µ)2
ν
]−
ν+1
2 (C11)
where ν is the degrees-of-freedom chosen as the size of the sample minus one and Γ represents gamma function. As for p(µ), we
apply a normal prior N on it based on the central limit theorem, which says the sampling distribution of a statistic will follow a
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Figure 12. Top: the distribution of the global mean magnetic field µ¯x predicted from X-ray data. The dashed lines are indicating the median
value. The distribution is drawn for Coma-outer and Coma-center (left), M87 (middle), and Abell 2597 (right) respectively using the Bayesian
analysis. Bottom: the distribution of the mean magnetic field µ¯x for sub-regions A-A and A-B (upper left), M-A (upper right), M-B (bottom
left), and M-C (bottom right), see Fig. 7 and Fig. 10 for details of each sub-region.
normal distribution, as long as the sample size is sufficiently large:
p(µ) = N (〈x〉, σx) (C12)
here 〈x〉 and σx are the average value and the standard deviation of x respectively. The output mean magnetic field µ¯, which
follows the distribution p(µ|x), is obtained through the Markov chain Monte Carlo (MCMC) sampling method (van Ravenzwaaij
et al. 2018). In this work, we consider 1× 105 samples from MCMC, which gives sufficiently statistical information.
As the given data ψ follows angular statistics, we should modify the Bayesian analysis accordingly. We firstly apply the
Bayesian analysis to both sine and cosine components of ψ, producing two outputs cos(µ) and sin(µ). The desired µ¯ is calculated
from µ¯ = tan−1(sin(µ)/cos(µ)).
C.1. Comparison of the magnetic field predicted from X-ray and synchrotron data
Fig. 11 presents the distribution of the mean magnetic field µ¯ obtained from the Bayesian analysis for the three sub-regions,
P-A, P-B, and P-C. We only consider the areas where the X-ray and synchrotron data are overlapping. We denote the value of µ¯
calculated from the synchrotron data as µ¯s, while µ¯x is for the X-ray data. For the sub-region P-A, the median values µ¯s = 1.443
and µ¯x = 1.434. The distribution of µ¯x is narrower than the one of µ¯s since the X-ray data gives more initial samples ψ. The
difference between µ¯s and µ¯x is calculated as ∆µ = µ¯s − µ¯x. The distribution of ∆µ spreads from ∼ −0.02 to ∼ −0.04 with
an absolute median value of |∆µ| = 0.09. As for P-B, the distributions of µ¯s and µ¯x are not overlapped giving µ¯s = 1.260 and
µ¯x = 1.451. The absolute median value of |∆µ| is 0.190. Similarly for P-C, we have median values µ¯s = 2.065 and µ¯x = 2.107
with |∆µ| = 0.041. Also, we repeat the Bayesian analysis for the global overlapped areas for the X-ray and synchrotron data.
The results are presented in Fig. 11. We get µ¯s = 1.787, µ¯x = 1.595, and |∆µ| = 0.192.
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Figure 13. Left: The logged uncertainty maps of the predicted magnetic field morphology for clusters Coma and Perseus. The uncertainty σθ
is in the range [0,pi). High uncertainty pixels, in which the uncertainty is larger than 1σ level of the global system, are highlighted by red color.
Grey color represents the low uncertainty pixels. Right: the histogram of uncertainty σθ for the four clusters. µσ is the median value of σθ and
σ represents the uncertainty value in 1σ level. We use red background to indicate the range in which σθ is larger than σ .
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Figure 14. Left: The logged uncertainty maps of the predicted magnetic field morphology for the clusters M 87 and Abell 2597. The uncertainty
σθ is in the range [0,pi). High uncertainty pixels, in which the uncertainty is larger than 1σ level of the global system, are highlighted by red
color. Grey color represents the low uncertainty pixels. Right: the histogram of uncertainty σθ for the four clusters. µσ is the median value of
σθ and σ represents the uncertainty value in 1σ level. We use red background to indicate the range in which σθ is larger than σ .
D. MEAN MAGNETIC FIELD DIRECTION
The Bayesian analysis is also applied to the clusters Coma, M87, and Abell 2597. As shown in Fig. 12, the global mean
magnetic field direction µ¯x of Coma-center is 1.856 (≈ 106.34◦) and µ¯x = 1.882 (≈ 107.83◦). As for the M 87 and Abell 2597
clusters, we have the global µ¯x = 1.716 (≈ 98.31◦) and µ¯x = 2.041 (≈ 116.94◦). In Fig. 12, we also plot the the distributions
of µ¯x for the sub-regions A-A and A-B of Abell 2597, as well as M-A, M-B, and M-C of M 87 (see Fig. 7 and Fig. 10 for details
of each sub-region). As a result, we get µ¯x = 2.362 for A-A and µ¯x = 2.362 for A-B. While we have µ¯x = 1.723 for M-A,
µ¯x = 2.437 for M-B, and µ¯x = 1.917 for M-C.
D.1. Uncertainty of the predicted magnetic field direction
The two significant uncertainties of the predicted magnetic field can come from the systematic error in the observation map and
the ASB algorithm. Recall that the ASB takes a sub-region and fits a corresponding Gaussian histogram of gradient’s orientation.
The output of ASB only takes the statistically most crucial angle, i.e., the angle of orientation corresponding to the Gaussian
fitting peak value of the histogram. This procedure incidentally suppresses the part of the systematic noise in the observation
map. The uncertainty of the ABS its own in every single pixel can be considered as the error σψ from the Gaussian fitting
algorithm within 95% confidence level.
In Fig. 13 and Fig. 14, we plot the uncertainty of the predicted magnetic field direction for the four clusters. The uncertainty
is expressed in log scale, i.e., log(σψ) in which σψ is in the range [0, pi). We also highlight two important values: the median
value µσ and the value σ corresponding to 1σ level. We use red color to distinguish the data points whose uncertainty is larger
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than σ and grey color is indicating the uncertainty less than σ . In the case that the uncertainty is maximum, i.e., σψ ≈ pi, it
indicates the systematic noise in the observation map is extremely large and ASB does not produce the appropriate measurement.
The solution is proposed in § 4.1.3, i.e., the rotational histogram test. After rotating the residual map by 90◦, the ABS results in
a similar angle of ψ. The corresponding mask and interpolation are then applied to those noisy pixels. We present the original
map of uncertainty in Fig. 13 for the reminding of interpolated gradients.
To estimate the global uncertainty in our prediction, we plot the histograms of σψ in Fig. 13. The histograms exhibit a median
value µσ = in the range from 0.10 to 0.19, corresponding to 5.72◦ ∼ 10.88◦ for the X-ray measured clusters Coma, Perseus, M
87, and Abell 2597. As for the synchrotron measured Perseus cluster, we have µσ = 0.05 ≈ 2.86◦. The uncertainty of µσ can
be given by the standard error of the mean, which is very insignificant due to the large sample size. Note the µσ is calculated
from the raw uncertainty map, i.e., without the implementation of the pseudo-Stokes parameters and the rotational histogram test,
which help with reducing noise and uncertainty. µσ here therefore should be the extreme value.
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